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ABSTRACT 
Conventional metallographic techniques, although 
indispensable for studying the microstructure of alloys, 
only provide a two-dimensional picture of three-
dimensional structures. Hence in the past conclusions 
regarding the spatial features of microconstituents in 
opaque materials have been based upon inference from 
two-dimensional sections, upon three-dimensional models 
constructed by tedious sectioning procedures, or upon 
dissolution of one or more phases. 
This paper describes a new technique which 
facilitates the rapid determination of the three-
dimensional morphology of phases suspended in an opaque 
matrix. The rapidity of the technique is based upon 
the continuous cinephotomicrographic recording of 
specimen microstructure as the specimen surface is 
removed 1.lllder controlled conditions in an electrolytic 
' . 
cell • 
The advantages of a rapid technique for determining 
spatial morphologies in opaque materials are illustrated 
by application of this method to the study of the 
configuration of faults in a specimen of CuA12-Al 
eutectic alloy. (A fault is the term applied to 
termination of an extra lamella in the eutectic 
stz-ucture J faults are morpp._ologically similar to. 
1 
..;,•'-' r-
• •o,. ,._..,_~ 'pfl.~- .. .,.1,\.,-,---,-,..-_________ • -
, 
., 
. ~: 
2 
models or edge dislocations in crystals.) A spatial model 
of the eutectic fault network deduced by the above 
technique has substantiated the facts that faults in this 
eutectic alloy tend to run parallel to one another in a 
direction close to that of the specimen growth axis, and 
that the majority of faults bridge lamellae rather than 
lie in a plane parallel to the average lamellar direction. 
For the specimen area studie~ fault density decreased as 
growth proceeded. 
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INTRODUCTION 
Metallographic observation is a powerf'ul tool for 
investigating the correlation between structure and 
properties in metallic alloys. However, ordinary 
metallographic techniques suffer the fundamental 
limitation that conclusions regarding the three-
, dimensional structure of these opaque materials must 
be inferred from two-dimensional microsections. For 
this reason it is difficult at best, and frequently 
impossible to make valid judgments regarding the true 
spatial distribution of the microconstituents in 
specimens under investigation. 
Various methods have been devised to overcome 
this basic limitation imposed by conventional two-
dimensional microsectioning procedures. Perhaps the 
technique most obvious is the extension of data obtained 
on two-dimensional microsections to three dimensions by 
construction of a spatial model from photomicrographs 
taken of the same area at dirferent depths within the 
specimen under consideration. This method has been 
employed to give some highly int ere sting and irr1portant 
results112,3. However, the tedious and time consuming 
nature of the polish~etch-photograph cycle used to 
obtain an adequate number, of microsections to truly 
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represent a three-dimensional structure in general negates 
use of this technique when routine analysis of many 
specimens is desired. 
Several authors4,5, 6 have demonstrated that the 
application of statistical methods to quantitative data 
obtained from random and/or selected plane sections 
through opa.que material can yield valuable ,information 
concerning the volumetric character of such quantities 
as particle size, shape and distribution, interfacial 
area and the distribution of linear features. Even 
though use or these statistical procedures to study the 
topology of phases would probably be more rapid than 
construction of a three-dimensional model by the 
sectioning procedure, it is evident that by their very 
nature these techniques can give only average values of 
the quantities studied rather than a detailed physical 
picture of the microstructure of the phases to be 
observed. 
Rhines and Timpe7 have suggested that selective 
dissolution of one or more phases in a multiphase alloy 
can allow observation of the three-dimensional shape of 
d····--~- the undissolved phase ( s) and have applied this technique 
to certain eutectic systems with some suocess. It is 
i . 
I · c·_ ~ 
obvious, however. that this method can o~y be applied 
to those systems in which one phase. is easily removed 
;; 
.. 
' 
without subsequent damage to the phase remai~ing. This 
limiting condition restricts the wide usage of such a 
·· method. 
-
The problem of determining the three-dimensional 
structure of an opaque material hinges on two facts: 
the materials under study are opaque to radiation in 
the visible spectrum and no rapid means of general 
applicability is available for obtaining the micro-
sections necessary to construct three-dimensional modela. 
These· facts suggest that the problem may be solved 1n 
one of two ways: 
(1) The specimen might be bathed with radiation 
of the correct energy to allow its penetration through 
the alloy,thus rendering the alloy "transparent", i.e. 
some variation of microradiography. 
(2) A very rapid method for sectioning the 
material in depth with continuous recording of the-
microstructure might be devised. 
The first approach, microradiog~aphy has been 
utilized 1,,,i th stereographic X=ray photography to 
r-
1, 
discern the internal spatial arrangements of phases in 
various materials~ 09 • This method,while yielding good 
results, is limited to quite thin specimens due to the 
< 
attendant absorbtion of X~rays by metallic alloys. In 
I 
addition, since data are still recorded upon two-
6 
dimensional film some type of projection must be employed 
to facilitate interpretation of the data. In p~inciple, 
the Lfirst restriction might be circumvented by using more 
'deeply penetrating gamma. ra.dia:tion to replace Xc,radia.tion 
but the relative unavailability of gamma ray sources 
precludes the use of such a technique. Further, the 
equipment needed to facilitate the use of x~ray o~ 
gamma ray stereomicroradiography is much more complex 
and expensive than that required for any of the previous-
ly described techniques. 
Thus the requirements that any technique devised to 
study the spatial 1nicrostruc tu.re be rapid and si!D,Ple 
with general applicability to observation of the 
detailed microstructure of various alloys seems to 
dictate a solution of the problem along the lines of the 
second approacQ mentioned in a previous pa.rag~apho Using 
this approach, a simple new technique which facilitates 
rapid determination of the three-dimensional morphology 
of phases suspended in an opaque matrix was developed. 
Continuous cinephotomicrographic recording of specimen 
microstructure as the specimen surface is removed at a 
cont~olled rate in an electrolytic cell provides ~uch a 
rapid and simple technique based upon fundamental 
metallog~aphic principles. The practicality of similll' 
i1· 
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methods has been demonstrated recently by studies of the 
three-dimensional nature of dislocation loops in Zn.10 and 
spheroidized structure in stee111• 
, 
DESCRIPTION OF APPARATUS 
The apparatus designed for the tlutee-dimensional 
studies is shown in Figure 1 and depicted schematically in 
Figure 2. It consists of an American Optical Model 2200 
triocular microscope body and lens system which have been 
adapted to allow continuous cinephotomicrography of a 
specimen microstructure while its surface is removed by 
electrolytic dissolution in a plexiglass cell fixed to 
the microscope stagee The specimen to be studied is 
inserted in a special plexiglass mount (see details of 
electrolytic cell, Figure 3) which contains an aluminum 
electrical contact and a nozzl~ (containing a slit 1/64" 
high by 1/2" wide) adjusted to allow the electrolyte to 
flow evenly over the -@ecimen surface during electro-
polishing. The moi.mt is then screwed to the base of the 
cell which contains the el~ctrolyte during the polishing 
operation. A two-inch square of 1100 ali.nninum with a 
one~inch diameter hole drilled through it to allow 
passage of the objective lens forms the cathode of the 
electrolytic cell, the specimen being the anode. The 
cell is traversed vertically to focus the objective lens 
upon the specimen surface within the solution by means 
of a calibrated knob controlling the microscope stage. 
The specimen can be continuously observed through the 
b1nocul8.l' eyepieces of the microscope and its micro-
.. ~ 8 
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structure simultaneously recorded by a Keystone Model A 
16 nnn movie camera mounted on the vertical tube of the 
triocular head. During electrolytic removal of the 
specimen surface, the electrolyte is continuously 
circulated through the plexiglass cell to remove 
"corrosion" products from the specimen surface as they are 
formed and to avoid overheating of the electrolyte. 
Recirculation is carried out by allowing excess fluid 
to overflow the cell, pumping it up to a reservoir of 
fixed head and allowing the fluid to return by gravity 
feed to the cell. The input flow rate can be controlled 
by a valve in the feed line. 
In practice the specimen to be surveyed, after 
being.belt ground and polished on 1/o paper, was fixed 
to the electrical contact on the plexiglass mount and 
all surfaces with the exception of that to be studied 
were coated with Micromask, an inert lacquer. The 
electrolyte consisting of one part glycerol, one pa~t 
perchlo~ic acid and seven parts ethanol was introduced 
into the cell and the circulation system activated. 
A 20X objective lens was focused upon the specimen 
surface (this lens was chosen as the best compromise 
giving both sufficient working distance to allow smooth 
.flow of electrolyte over the specimen and ~he degree of 
\ 
·{ 
10 
resolution necessary to facilitate detaileg study of the 
eutectic microstructure) and the voltage which had been 
previously set to give 0.2 to 0.3 amps/c~'2.,,.,current 
density was applied across t·he cell terminals by means 
of a potentiometer. The cathode was maintained at a 
distance of about one inch from the specimen at all 
times during the electropolishing. 
It was observed that upon initial application of 
the voltage the specimen became covered with a dense 
black film but within one minute the action of the fluid 
flow across the specimen surface removed this film 
revealing a clearly defined microstructure free from any 
scratches incurred during the initial grinding and 
polishing operations. 
While the specimen surface was being removed at a 
controlled rate, the distance traversed into the specimen 
could be noted from divisions on the fine adjustment of 
the microscope focus knob. Since this was calibrated, 
the exact distance between succeeding layers of the 
miorostJ?ucture could always be determined. Photomicl'O• 
graphs were taken at any desired depth simply by 
activating ~ switch on the 16 mm camera which caused 
short lengths of film to be exposed at a framing rate 
of: 10-20/sec. In this way photomicrographs at 5 ~ 
,· 
,.. 
11 
intervals over a total distance of 800 l\ specimen depth 
were obtained in approximately an hour, an achievement 
which would probably have taken many man-hours by normal 
polishing and etching methods. From these photomicro-
g~aphs the three-dimensional distribution of micro-
constituents could readily be obtained. 
·-· ' ... '""" 
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EXAMPLE OF APPLICATION OF TECHNIQUE .. 
The Al-CuA12 eutectic was chosen for study since "its 
~elatively low eutectic melting point facilitates 
experimental work, and in the hopes that information 
derived rrom a careful study ·of the spatial configuration 
of its phases would yield informat.ion that could be 
' 
. 3 6 12 13 14 ·. 
correlated with the extensive data ' ' ' ·' that has 
already been compiled concerning the solidification and 
crystallography or this eutectic. 
The master heat for these experiments was made by 
+ . induction melting 99.999 % Cu and 99.994% Al and casting 
into a magnesia crucible under vacuum. From this ingot 
specimens were cut by band saw ror subsequent uni-
directional solidification. These eutectic specimens 
were directionally solidiried horizontally in a graphite 
crucible at a rate of 0.5 cm/hr. This rather slow growth 
~ate was chosen for these preliminary experiments in 
order to produce relatively thick lamellae (according to 
the well known relation between lamellar spacing and 
growth rate, ~ 2R=constant)13 which would be easily 
d~scernible under the rnicroscopeo The microstructure of 
these directionally grovm ingots consisted throughout 
of lamellae that were substantially parallel to one 
another. ' 
12 
.... 
.,., 
13 
A specimen was removed from one of these ingots at 
', 
a distance of 11/2 inches from the head end, belt 
ground and fixed in the apparatus as described above. 
The specimen was cut so that a transverse section of 
the ingot ¥as exposed to the electrolyte and polishing 
.~ 
was then initiated in a direction parallel to the 
ingot growth direction. After focusing the objective 
lens on an area within a single eutectic "grain" of 
the sample, the camera was activated for one second 
(exposing about 20 16 mm frames) at half minute 
intervals while the specimen surrace was continuously 
removed. Electrolysis was continued for a period 
slightly over an hour during which time over 770 ~ 
of specimen were traversed, photomicrographs being 
taken at approxi~ately 5 ~ intervals. A selected rtaame 
fr~m the twenty taken at each exposure was printed 
directly from the 16 nnn film using an Enlahead lens-
(' condenser system in conjunction with a Simon Omega 
enlarger to give negative prints at a magnification ot 
about 650 X. 
The faulted structUJ:te first desc~ibed by Kraft 
and Albright) in CuA12-Al eutectic and later obse:rved 
in the microstructure or other eutectic alloya15,l6 
undoubtedly plays a significant role in the solidi.fication 
'· : 
• I 
1 
1 
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. {' ~ ......... -~-~,,_, ....... _ .. ----.--... -..... ----·--
of these kinds of alloys. For this reason it was 
decided that some insight into the eutectic solidi~ica-
tion process might be gained by undertaking a carerul 
investigation or the three-dimensional distribution of 
faults in a eutectic alloy. In order to facilitate 
this analysis a three-dimensional model of the faulted 
structure in the eutectic grain studied was constructed 
by use of photomicrographs obtained during the continuous 
polishing process. 
From the total sequence of photomicrographs taken, 
particular photomicrographs corresponding to sections 
at 24 ~ intervals in the specimen were chosen fo~ 
detailed study (see representative sequence in Figure 4). 
Employing the procedure outlined by Kraft and Albright3 
faults on each photograph were marked using two di~ferent 
colors to differentiate positive from negative faults. 
The locations of the faults on each photograph were then 
transferred with the aid of a properly scaled coordinate 
system to 1/16 11 x 12" x 12 11 plexiglass sheets. Holes 
were drilled through the marks locating each fault and 
the sheets were then inserted into a frame so that each 
sheet was separated by a distance proportional to the 
distance between those microsections in the actua1 
specimen which they represented. When a wire was 
~ 
...... , 
1s 
passed through the holes on succeeding sheets corres-
ponding to a particular fault, the path of the fault 
through the volume of eutectic specimen was represented. 
Wires of dif~erent colors were used to distinguish 
positive from negative faults. By representing all the 
faults passing through the area of eutectic grain 
studied in this manner, the three-dimensional model was 
completed. Figures 5 through 10 are photographs of the 
I 
t__/ 
three-dimensional model so constructed. It should be 
noted that in order to restrict the model to a 
convenient size the vertical scale was compresseq so 
.. , 
that the ratio or distance measured on the vertical 
scale to that on the horizontal scale is 0.75 to 1.0 • 
I ~ 
.. . ~\. 
'r 
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I 
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DISCUSSION OF RESULTS 
Careful scrutiny of the three-dimensional model of 
the fault network in the specimen investigated combined 
with detailed studies of' the photomicrographs from which 
the model was made lead to the following conclusions 
regarding the f'ault structure in the specimen. 
First, the faults did not assume a random array 
in space but tended to lie apporximately parallel to the 
same direction. This gross fault direction lay close 
to the specimen growth direction as can be seen 1n 
pictures of the front and side view of the model, 
Figures 5 and 6. ( Some faults near the top and bottom 
of the model in these photographs appear branched due to 
their reflection in the plexiglass sheets.) The 
tendency for faults to lie nearly parallel to the growth 
direction becomes even more apparent· when it is recalled 
that the vertical scale of the model has been compressed 
somewhat. These observations confirm those previously 
obtained by Kraft et alf' who applied a statistical 
I 
analysis to data obtained on a CuA12-Al eutectic 
specimen grown ,mder similar conditions. 
Secondly, it was observed that faults showed a 
greater tendency to cross lamellae than run parallel 
to them as growth proceeded. This is especially 
16 
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evinced by the presence of several isolated fault loops 
in the model (An example of such a loop is indicated by 
the a~ro-v1 in Figure 5 and shown close up in Figure 7.). 
In general, these loops were nearly planar and the 
/ ·, 
planes (of the loops) were observed to be perpendiculB.Jt, 
or nearly so, to the actual lamellae. This implies 
that faults in these loops lie along "mismatch surfaces", 
which cross lamellae, rather than lying in planes 
,· 
parallel to the lamellae. 
A further illustration of this tendency for faults 
to bridge lamellae rather than run parallel to them as 
growth proceeds can be seen by referring to Figures 8, 
9 and 10. Figure 8 is a top view of the model; the 
average lamellar direction in this transverse section 
:Mm.a from lower left to upper right (arrow). The wh1 te 
"linen shown on the photograph lying perpendicular to 
' 
this di~ection is the photographic ~mage of a tape 
placed on the interior or the model. It will be noted 
that no faults Hc:ross" this ·tape. Furthe?'imo:re, it would 
be in:Jpossible to place the tape parallel to the lamellae 
(arrow) and observe the same phenomenon. Photographs 
of longitudinal sections of the model taken perpendicul8.l' 
and parallel to the mean la.mellar direction are shown 
in Figures 9 and 10. In Figure 9 a simila~ white tape 
1 
.... 
. ·-· ---,· -~-,-,. ____ ...... ~---......._.,. ...... ~ ....... ..;,. 
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\ 
on the side of the model opposite to that photogl'aphed . 
* defines a border across which faults do not meander as 
growth proc~eds. No such botmdary could be ~stablished 
in Figure 10. Taken collectively, these tlutee photo-
graphs reveal a pronounced tendency for faults to cross 
lamellae rather than run parallel to- them as growth 
proceeds. The foregoing conclusions have been recently 
confirmed by an entirely different type statistical study 
L conducted by Thomas and Kraft17 on other specimens of 
~ 
the Cu.Al2-Al eutectic. 
A third fact discerned from consideration of the 
model was that as growth proceeded along the ingot it 
appeared to become more perfect in structure. That is, 
.. 
there was a decrease in fault density as growth took 
place. 
It has been shown from annealing experiments18 that 
spheroidization of lamellar CuA12~Al eutectic specimens 
is initiated at faulted regions in the structure and 
hence it is logical to assume that these a~e areas of 
" 
~~At the bottom of the photograph in both Figures 8 
and 9 one 0 blackn fault "crosses" the tapea Ho11ever, 
it t'\Till be noted t;hat; if the tape 1r1ere bent sligl1tly 
to the right 9 the tape would then separate the model 
into ti-10 portions and no faults would cross the 
boundary. 
• 
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higher .tree ene~gy than the SU19?'0und1ng ~egions of perfect 
lamellarity. The fact that fault density appeared to 
decrease as growth proceeded may be evidence that the 
eutectic structure could obtain a lower energy configu:r-
ation by the elimination of these higher energy faulted 
regions through complex fault interactions. Such 
cancellation of positive and negative faults was obseryed 
within the spatial model. However, due to the fact that 
only several hundred microns of specimen were traversed 
in this study and the area under observation was small, 
it would be presumptuous to draw any hasty conclusions 
regarding this trend without first performing more 
quantitative statistical studies of fault density along 
the length of a unidirectionally solidified eutectic 
specimen. 
An interesting example of the results of fault 
interactions can 'be seen in Figure 4. Two "mismat·ch 
, 
surfaces" (denoted by arrows in picture A) are seen to 
grow together (B to F) as growth proceeds along the 
ingot until they cancel one another to produce a region 
of more.perfect lamellarity containing one net fault ('G). 
A similB.l" process takes, place for a second pair of 
mismatch surfaces denoted in picture B which grow 
together to form a loop in H. Such behavior is further 
.. 
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I 
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evidence of the tendency for the structUl'e to become 
more simplified as growth proceeds. 
The results obtained here based directly upon 
the observation of a three-dimensional model or the 
fault network in a eutectic specimen and recently 
confirmed by the statistical studies of Thomas and 
Kra~17 seem--at least partly--to be in contradiction· 
with one of the fundamental hypotheses of the theory 
of eutectic growth proposed by Jackson and Chalmers19• 
They have assmned that the stability of faults t:s the 
criterion for stable growth of a lamellar structure. 
They propose that a change in lamellar spacing is 
accollllted for by movement of faults in planes 
parallel to the lamellae resulting in the "squeezing-
in" of extra lamellae, if growth rate increases,or 
the "squeezing out" of lamellae, if the rate decreaseg. 
The results obtained here, however, show that,in the 
main,faults tend to bridge lamellae, thus suggesting 
that a fault network may not be an essential feature of 
lamellar growth. Perhaps, then, as Thomas and Krart17 
suggest, a "fault-free" structure can be grown by 
solid(:f'ying an ingot in such a way as to prevent new 
fault loops from initiating and pe:rmitting existing ones 
to grow out. 
' 
•SUMMARY 
•' 
r 
t 
;J: 
1. A ~apid method for surveying the thJ:tee-
dimensional shape and morphology of phases suspended in 
an opaque matrix has been developed. 
2. Application of this technique to a uni-
directionally solidified CuA12-Al eutectic has revealed 
the following facts concerning lamella~ fault struct~es: 
a) raults are essentially parallel to one another 
and the average fault direction is approximately 
parallel to the specimen growth axis; 
b) fo~ the most part faults tend to cross lamellae 
rather than lie in a plane parallel to the 
lamellae; 
c) fault µensity dec~eases as growth proceeds 
for the specimen studied. 
3. This technique for determining the thJ:tee-
dimensional structure of alloys should make possible 
a systematic and detailed study of the role of the 
faulted structure in eutectic alloy solidification. 
In particular this technique should yield interesting 
results when applied to studies of fault structure in 
eutectics grown with specific orientation and under 
controlled conditions probably necessary to produce a 
structure of reduced fault density. 
21 
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Figure 1. Photograph of apparatus . 
• 
.- .... 
i 
ELECTROLYTE 
TArJK 
GRAVITY 
;FE~D 
OVERFLOW 
PU11P AND CIRCULATING 
SYSTEM 
t 
MOVEAilLE 
STAGE 
I6 Ml1. MOVIE 
CAMERA 
CALIBRATED STAGE 
ADJUSTI1Et1T 
BINOCULAR 
EYEPIECES 
MICROSCOPE 
BODY 
-
+ 
OilJ'~CTIV l~ 
LENS 
POWER 
SOURCE 
PLEXIGLA~~ 
CELL 
Figure 2. Schematic diag~am of apparatus depicted in Figure 1. 
·• 
.. 
I" DI.AJ~fET~R HOLE 
IN CATIIODE 
\ 
OBJECTIVE LENS 
FROM GRAVITY 
FEED 
• 
·- -
SPECIMEN MOUNT AND 
ELECTROLYTE NOZZLE 
' 
--. 
• 
ALUMINUM CONTACT PLATE 
/~Ltn·IIUUt·I CATHODE 
TO PCWER SOURCE 
-
+ 
' OVCH.FLOW TO 
PUMP 
CELL 
ELECTROLYTE 
SPECiluN 
Figure 3. Schematic diagram illustrating cross section 
of electrolytic coll design. c:,:· .. / 1 
. ., 
~: 
Fi 
UC 
nt 
d 
A 
D 
G 
4. 
s i 
/ 
B C 
E F 
H I 
qu c of p oto cro ph ep ti 
ction in the pecim n t bo 0 
G h di c ion om to I. 650. 
p o 1 y 50 p c nt fo l' p od tio • 
... 
26 
(I 
Fisur, 5. Photog:raph of t'ront view of the thre -
d nsional odel of fault orks in CuA12~ l utectic alloy. row indicates an isolated fault 
loop. 
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Figure 6. Photograph of side view of model. 
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Figure 7, Detail of fault loop indicated by arrow 
in Figur S. 
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Figure 8. Photograph of top of model. 
Transverse section. Arrows indicate 
mean lamellardirection positions 
of photographs shown in Figure 9 
and 10. 
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, Figure 9. Photograph of longitudinal section of 
model perpendicular to the mean lamellar direction. 
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Figure 10. Photograph of longitudinal section of 
model parallel to mean lamellllr direction. 
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